T he catalytic oxidation of carbon monoxide (CO) to carbon dioxide (CO 2 ) is an important reaction for several processes, including removal of CO from H 2 for fuel cell applications 1, 2 and automotive emission control 3, 4 . Supported single atoms make the best utilization of noble metals 5 , offer unique electronic properties 6-9 and also provide an ideal system to understand the reaction mechanisms on a molecular level and guide the development of optimized catalysts 10 . Additionally, single-atom catalysts (SACs) provide valuable information to bridge homogeneous and heterogeneous catalysis 7, 9, 11 . Currently, the reaction mechanism for low-temperature CO oxidation on supported metal single atoms is highly debated and there is no agreement in the literature on whether single atoms exhibit higher intrinsic activity than their larger nanoparticle (NP) counterparts, especially on non-reducible metal oxide supports. For instance, Pt single atoms supported on FeO x (ref.
T he catalytic oxidation of carbon monoxide (CO) to carbon dioxide (CO 2 ) is an important reaction for several processes, including removal of CO from H 2 for fuel cell applications 1, 2 and automotive emission control 3, 4 . Supported single atoms make the best utilization of noble metals 5 , offer unique electronic properties [6] [7] [8] [9] and also provide an ideal system to understand the reaction mechanisms on a molecular level and guide the development of optimized catalysts 10 . Additionally, single-atom catalysts (SACs) provide valuable information to bridge homogeneous and heterogeneous catalysis 7, 9, 11 . Currently, the reaction mechanism for low-temperature CO oxidation on supported metal single atoms is highly debated and there is no agreement in the literature on whether single atoms exhibit higher intrinsic activity than their larger nanoparticle (NP) counterparts, especially on non-reducible metal oxide supports. For instance, Pt single atoms supported on FeO x (ref. 12 ) and Al 2 O 3 (refs 13, 14 ) catalysts were reported to be active for low-temperature CO oxidation. Additionally, mononuclear Pt (and Au) coordinated with O(OH) x -(Na or K) ensembles were found to be active for low-temperature water gas shift 15, 16 . On the other hand, other reports indicated that isolated Pt sites on Al 2 O 3 and CeO 2 were not active for low-temperature CO oxidation [17] [18] [19] or water gas shift 17 . Recently, steam treatment of Pt 1 /CeO 2 (at 750 °C) led to a much higher activity for CO oxidation by activating the CeO 2 surface lattice oxygen. However, using infrared spectroscopy, a CO band at 2,096 cm −1 was observed during CO oxidation and in O 2 flow at 180 °C 20 , indicating strong CO adsorption on Pt single atoms. To resolve some of these discrepancies, identification of the active structure (ligand configuration) under reaction conditions is required. Therefore, detailed kinetic studies coupled with in situ/operando spectroscopy and quantum chemical calculations are critical for understanding the reaction mechanism and identifying the relationship between catalytic activity and ligand configuration on supported single atoms to help design catalysts on a molecular level.
Here, we used in situ and operando infrared and X-ray absorption spectroscopies and quantum chemical calculations to identify the Ir single-atom complex formed during CO oxidation and probed its reactivity towards CO, O 2 and CO + O 2 , thereby providing insights into the individual reaction steps. Additionally, we benchmarked the low-temperature CO oxidation kinetics on supported Ir single atoms and Ir NPs to elucidate the differences in reaction mechanisms. MgAl 2 O 4 was used as a support because it has been shown to stabilize noble metal clusters and single atoms against sintering [21] [22] [23] . Ir was chosen for this study since Ir NPs have similar catalytic properties to Pt for CO oxidation and Ir single atoms have been more widely characterized using X-ray absorption spectroscopy and infrared spectroscopy of adsorbed CO 5, [24] [25] [26] .
Results
Atomic-resolution characterization. Figure 1 shows aberrationcorrected high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) images of 1% Ir/MgAl 2 O 4 after calcination at 500 °C before (Fig. 1a) and after (Fig. 1b) reduction in H 2 at 800 °C. It can be seen that Ir is predominantly atomically dispersed after calcination but agglomeration occurs during reduction and the relative amount of single atoms compared with NPs decreases at higher reduction temperatures. Despite the high reduction temperature, the size of Ir NPs was limited to less than 2 nm, which was also observed when MgO was used as the support 27 . By lowering the loading (0.0025 wt%) only atomically dispersed Ir was
Identification of the active complex for CO oxidation over single-atom Ir-on-MgAl 2 O 4 catalysts
detected after pretreatment and a representative image after reduction in H 2 at 500 °C is shown in Fig. 1c and no NPs were detected ( Supplementary Fig. 1 ). MgAl 2 O 4 resulted in the stabilization of a significant fraction of Ir single atoms when iridium nitrate was used for the synthesis even at high Ir weight loadings and after high reduction temperatures as shown in Fig. 1a,b . Therefore, to obtain a reference sample without single atoms, we also synthesized 0.2% Ir/MgAl 2 O 4 using Ir(CO) 2 (acac) as the precursor, which after removal of the ligands in H 2 at 500 °C resulted in the formation of almost exclusively ~1 nm NPs, as shown in the HAADF-STEM image and the histogram in Fig. 1d and Supplementary Fig. 2 .
CO oxidation kinetics. The catalytic activities for the 0.0025% Ir 1 / MgAl 2 O 4 SAC and the 0.2% Ir/MgAl 2 O 4 NP catalyst were evaluated for CO oxidation under strict kinetic control; and no deactivation or sintering was observed for the SAC (see Supplementary Fig. 1 and other details in the Supplementary Information). The effect of CO (P CO ) and O 2 (P O 2 ) partial pressures on the turnover frequency (TOF) was measured at 155 °C and the results are reported in Fig. 2 and Supplementary Fig. 3 . On Ir NPs (~1 nm), the measured CO and O 2 reaction orders were − 1.0 ± 0.1 and 0.9 ± 0.1, respectively. The reaction orders are consistent with the widely accepted CO oxidation mechanism on noble metals (Ir, Pt, Pd and Rh) where, at low reaction temperatures, the reaction is limited by O 2 activation on a CO-saturated surface 3, 28, 29 . On Ir single atoms, the measured CO and O 2 reaction orders under the same conditions were 0.9 ± 0.1 and 0.1 ± 0.05, respectively, indicating a different mechanism from that on NPs ( Fig. 2 and Supplementary Fig. 3 ). In contrast to NPs, the positive CO order of ~1 indicates that Ir single atoms are not poisoned by CO during CO oxidation and the O 2 order of ~ 0 suggests a facile O 2 activation. More importantly, Ir single atoms are much more active at high CO partial pressure (~7× higher than NPs) while NPs are slightly more active at low CO partial pressure. The different CO reaction orders can be clearly seen for the CO oxidation activity of the catalyst containing a mixture of single atoms and NPs (1% catalyst reduced at 800 °C, STEM image in Fig. 1c and Supplementary Fig 4) , which displayed a CO reaction order that changed from negative to positive as the CO partial pressure increased (Fig. 2c) . The differences in the reaction orders of CO and O 2 on Ir SAC and NP show that kinetic measurements provide a sensitive probe for the detection of single atoms due to different reaction mechanisms. Additionally, these results could help explain some of the disagreements in the literature on whether single atoms are more active than NPs since the catalyst activities were reported at different reaction conditions.
In situ characterization at room temperature. In situ diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) and high-energy-resolution fluorescence-detected (HERFD) X-ray absorption near edge spectroscopy (XANES) experiments provide important structural and chemical details to better understand the unique CO and O 2 reaction orders on Ir single atoms. Figure 3a shows the DRIFTS spectrum after adsorption of CO on the 0.0025% Ir/MgAl 2 O 4 catalyst (SAC) at − 60 °C where two bands (2,070 and 1,989 cm −1 ) can be seen in the C− O vibrational frequency region. These two bands are assigned to the symmetric (v s ) and the anti-symmetric vibrational modes (v as ) of the Ir gemdicarbonyl, Ir(CO) 2 , respectively, on the basis of reports of atomically dispersed Ir(CO) 2 gem-dicarbonyl supported on MgO and γ -Al 2 O 3 (ref. 25 ). The intensity of the anti-symmetric vibrational band (I as ) is slightly higher than that of the symmetric vibrational (I s ) band and the bond angle between the two CO (θ) can be estimated as 98° based on = Supplementary Fig. 5 .
To complement the DRIFTS results and directly probe the Ir electronic structure, a similar experiment was performed using in situ HERFD-XANES at the Ir L 3 -edge (Fig. 3b) . HERFD-XANES has been used to identify the interaction of CO with single metal atoms and NPs and has proved to be a sensitive probe for the detection of ligands bound to metal centres 26, [33] [34] [35] [36] ; for example, the detection of ethylene and CO ligands adsorbed on catalytically active iridium centres isolated on zeolite HY and on MgO supports 26 . After pretreating the sample in a similar manner to the DRIFTS experiment, and flowing CO at room temperature, the resulting spectrum (Fig. 3b red) is assigned to Ir(CO) 2 (ref. 26 ). After flowing O 2 on the carbonylated Ir single atoms (Ir(CO) 2 ), part of the carbonylated feature was replaced by a higher-energy feature (blue), suggesting partial oxidation of the Ir, which is consistent with the DRIFTS results in Fig. 3a (facile O 2 activation and partial oxidation of Ir). Additionally, CO 2 was detected in the reactor effluent by mass spectrometry (Supplementary Fig. 6 ). Notably, a similar, but not as significant higher-energy feature was also observed ( Supplementary  Fig. 7 ) on the 1% Ir sample containing a mixture of single atoms and NPs (STEM in Fig. 1b ) when flowing O 2 on the CO-adsorbedsaturated catalyst at room temperature. 100 °C DFT simulation and Ir replacing the Al atom close to the step of MgAl 2 O 4 (211). The O 2 (Al)-termination was used because of its high thermodynamic stability 37 . We found that the second model (Ir replacing the Al atom on the MgAl 2 O 4 (211) step surface) is more plausible to represent the structure of the active site because the 3CO ligand configuration is favourable on the (111) model, in contradiction with 2CO ligands observed in the experiments (see those two model structures with CO ligands in Supplementary Table 3) . We used the MgAl 2 O 4 (211) as the model system in the following discussion (see Supplementary  Tables 3-6 for model systems; computational details can be found in the Supplementary Information). Our DFT calculations showed that Ir forms a dicarbonyl in a 6-coordinate structure with 4 oxygens from the support with the differential CO adsorption energy of − 1.98 eV. Under a CO gas stream, the Ir(CO) 2 structure will probably be surrounded by oxygen vacancies or carbonate, forming a locally stable structure. DFT calculations show that O 2 would adsorb on a nearby vacancy with an adsorption energy of − 1.05 eV relative to a gas phase O 2 . The adsorbed *CO can react with the *O 2 , forming CO 2 with a DFT-calculated kinetic barrier of ~0.58 eV. This pathway for O 2 adsorption and reaction between one *CO in Ir(CO) 2 and *O 2 to form Ir(CO)(O) ( Supplementary Fig. 8 ) can explain the ability of Ir single atoms to activate O 2 in our low-temperature DRIFTS experiments (Fig. 3a) . On the other hand, the diffusion of one of the CO ligands in Ir(CO) 2 to a slightly farther surface oxygen forming CO 2 is associated with a high barrier of ~2 eV ( Supplementary  Fig. 8 ). We note that if the vacancy site is occupied by atomic *O instead of *O 2 , the CO ligand (in Ir(CO) 2 ) diffusion to this surface oxygen forming CO 2 has a low barrier of ~0.45 eV. This locally stable Ir(CO) 2 structure suggests that under a CO gas stream it will be surrounded by some oxygen vacancies. The bond angle between the two CO from DFT (θ = 90°) is similar to the experimentally estimated angle of 98°. We also note that the Bader charges of the Ir(CO) 2 and Ir(CO)(O) complexes calculated by DFT (+ 0.8 versus + 1.4, Supplementary Table 7) are consistent with the partial oxidation of Ir observed in DRIFTS (Fig. 3a) . Therefore, both in situ techniques (DRIFTS and HERFD-XANES) and DFT calculations indicate that on CO adsorption at low temperature on the reduced catalyst, Ir single atoms form Ir(CO) 2 , likely with surface oxygen vacancies. Additionally, the exposure of Ir(CO) 2 to O 2 results in facile O 2 activation and the formation of the stable complex Ir(CO) (O) through an incomplete CO oxidation reaction cycle; that is, Ir(CO) 2 
Operando identification of the resting state and active complex. To determine the stability of the Ir(CO)(O) complex and identify the active complex of Ir single atoms during CO oxidation, we performed an operando HERFD-XANES experiment at higher temperatures on the 0.0025% Ir/MgAl 2 O 4 (SAC) (Fig. 3c) . After CO oxidation at 155 °C, the temperature was lowered in pure He to 100 °C, and the spectrum at 100 °C in He is shown as the green spectrum in Fig. 3c . The spectra in pure He and in CO + O 2 at 100 and 155 °C were almost identical ( Supplementary Fig. 9 ) and very similar to the spectrum obtained at room temperature after dosing O 2 on Ir(CO) 2 , which we assigned to Ir(CO)(O) as discussed above. While Ir(CO)(O) is stable in He and in O 2 at 100 °C, dosing CO on this Ir(CO)(O) complex resulted in the removal of the partially oxidized Ir carbonyl feature in the blue spectrum (CO 2 was detected in the reactor effluent by the mass spectrometer, see Supplementary Fig. 6 ) and the resulting spectrum (pink spectrum in Fig. 3c ) was similar to that of Ir(CO) 2 obtained at room temperature (red spectrum in Fig. 3b) . After dosing CO, we flowed CO and O 2 again at 100 °C, and the final spectrum (blue , Fig 3c) shifted back and is almost identical to the original spectrum (green, Fig 3c) Fig. 3c and Supplementary  Fig. 9 ) suggests that the reaction follows an Eley-Rideal (E-R) instead of Langmuir-Hinshelwood (L-H) mechanism. To provide further insights into the reaction mechanism, we calculated the free-energy diagram for the different possible pathways starting from Ir(CO)(O) with a surface oxygen vacancy (Fig. 4 and Supplementary Table 8 ).
Our DFT results show that it is energetically favourable to adsorb oxygen forming *O 2 at the vacancy site. In the following step, the reaction between gas phase CO and adsorbed *O in the Ir(CO)(O) complex (that is, the E-R pathway) has a free-energy barrier ~1.1 eV (transition state (TS)I), suggesting that this step is kinetically accessible only at higher temperatures. In contrast, there is a higher activation barrier, 2.1 eV (TSII), between adsorbed *CO and *O in the Ir(CO)(O); that is, the L-H pathway (see Fig. 4 ). This is consistent with the stability of Ir(CO)(O) in He observed experimentally at 100 °C ( Supplementary Fig. 9 ) while reacting with gas phase CO to form Ir(CO) 2 (Fig. 3c) . Our DFT calculations of the hypothetical pathway without CO adsorbed on Ir show that the reason for the E-R pathway being favourable is that the adsorption of CO weakens the O binding strength on Ir sites by ~3 eV. After the creation of an open coordination at Ir single atoms, the adsorbed O 2 (*O 2 ) can readily dissociate to heal the vacancy with negligible barrier (structure III to IV). This step is more favourable than adsorption of a second CO from the gas phase, which is typically associated with an entropic barrier, consistent with our operando HERFD-XANES where we did not observe Ir(CO) 2 . In contrast, the O 2 dissociation on the bare support with two adjacent vacancies has a barrier of ~1.78 eV, indicating the promoting role of Ir single atoms in O 2 activation (Supplementary Fig. 10 ). To complete the reaction cycle, gas-phase CO can react with a nearby surface oxygen (~0 eV freeenergy barrier), forming a vacancy, while the L-H pathway through TSIII has a ~1.6 eV barrier. The full reaction is kinetically limited by the E-R step for creating an open Ir coordination site in the Ir(CO) (O) structure for a facile O 2 activation. This reaction mechanism is consistent with the measured CO order of ~1 and O 2 order of ~0 on Ir single atoms (Fig. 2) .
To further validate the structure of reaction intermediates, we calculated the Ir L 3 -edge XANES spectra of various Ir structures as shown in Fig. 3d and Supplementary Fig. 11 using DFT within the full core-hole approximation 38 . The calculated spectrum (Fig. 3d) for Ir(CO) 2 shows a sharp peak with a long tail, similar to the shape of measured spectrum after dosing CO (Fig. 3b) . The steady-state spectra exhibit shoulders at higher energies, which are assigned to a combination of reaction intermediates, Ir(CO)(O)-(Al-v), Ir(CO) (O) and Ir(CO)(O) with O 2 adsorbed on the vacancy (structures I, II and IV in Fig. 4 ; spectra for other possible structures along the reaction pathway are provided in Supplementary Fig. 11 ). We note that all of the complexes/intermediates in the reaction cycle have a strongly bound CO (about − 2.0 eV binding energy, see Supplementary Table 6 ), which is consistent with our in situ/operando experimental results showing that Ir(CO) is the active complex for CO oxidation. We also note that DFT calculations on Ir on MgAl 2 O 4 (111) showed that the E-R pathway was more favourable than L-H (barrier lower by 0.6-1 eV) and the XANES spectra for Ir(CO) 2 and Ir(CO)(O) on this site were also very similar to those measured experimentally (Fig. 3b,c) , suggesting that the electronic structure and catalytic properties of Ir single atoms are not sensitive to the chosen model.
Discussion
The in situ and operando spectroscopy results supported by quantum chemical calculations provide remarkable molecular-level details on the mechanism of CO oxidation on supported Ir single atoms. The low-temperature in situ DRIFTS and HERFD-XANES results (Fig. 3a,b, respectively) show that O 2 activation is a kinetically facile step (that is, it does not affect the overall reaction rate) since it can proceed at and below room temperature, resulting in an incomplete reaction cycle Ir(CO) 2 + O 2 → Ir(CO)(O) + CO 2 . This is consistent with the ~0 reaction order measured for O 2 (Fig. 2) and the negligible barrier for O 2 activation calculated by DFT. The HERFD-XANES spectra at higher temperatures confirm that Ir(CO)(O) is the most stable complex (resting state) during CO oxidation ( Fig. 3c and Supplementary Fig. 9 ). Furthermore, the stability of Ir(CO)(O) in helium at the reaction temperature ( Supplementary  Fig. 9 ) indicates that the surface reaction between *CO and *O on Ir 1 is not favourable at the investigated temperatures. However, dosing CO on this structure resulted in the formation of Ir(CO) 2 (Fig. 3c,d) , indicating that at 100 °C, gas-phase CO reacts with the *O in Ir(CO)(O) to form CO 2 ( Supplementary Fig. 6 ), followed by CO adsorption to form Ir(CO) 2 . These experimental results are further supported by the DFT-calculated reaction mechanism where O 2 activation has a negligible barrier and the rate-limiting step is the creation of an open coordination at Ir single atoms through an E-R pathway (barrier of 1.1 eV versus 2.1 eV for the L-H pathway). Furthermore, the apparent activation barrier estimated from DFT is ~0.6 eV = 58 kJ mol −1 (E-R intrinsic barrier of 1.1 eV corrected by the O 2 free energy of adsorption − 0.49 eV while assuming the coverage of other intermediates is small) is in agreement with the apparent activation energy of 62 kJ mol −1 measured experimentally on Ir single atoms (0.0025% Ir/MgAl 2 O 4 , SAC, Supplementary  Fig. 12 and Supplementary 10, 40 can be used to modify their electronic and catalytic properties analogous to modifying the ligands in a homogeneous catalyst 8, 27, 38 . For example, CO was reported to promote the selective hydrogenation of 1,3-butadiene on Rh single atoms and dimers supported on MgO 40 and promote the formation of methanol from methane oxidation on Rh 1 / ZSM-5 (CO was required for methanol formation despite not being a reactant) 10 . In this work, using in situ and operando Fourier transform infrared spectroscopy, HERFD-XANES and DFT calculations we show that the active metal single-atom complex is formed under reaction conditions and contains one of the reactants as a ligand. Our results demonstrate that Ir(CO) is the active complex and the formation of this Ir single-atom complex on MgAl 2 O 4 promotes CO oxidation via an E-R mechanism where Ir(CO)(O) is the resting state of the catalyst. More importantly, our results show that detection of adsorbed CO on metal single atoms by infrared spectroscopy under reaction conditions or under O 2 flow (both indicate strong CO adsorption) 17, 18, 20 does not necessarily indicate low activity for CO oxidation. More generally, the results show that due to the ability of single atoms to bind to more than one ligand, strong adsorption by a ligand (or one of the reactants; for example, CO) does not necessarily lead to catalyst poisoning. Our DFT results indicate that Ir single atoms play a crucial role in facilitating O 2 activation, while the CO ligand lowers the barrier for the E-R rate-limiting step. The results highlight the importance of combining in situ/operando spectroscopy, together with quantum chemical calculations, and kinetic measurements to identify the active complex, most stable intermediate (resting state) and reaction mechanism. Additionally, we anticipate that due to the ability of supported SACs to bind to . It is energetically favourable to adsorb oxygen, forming *O 2 at the vacancy site (structure I to II). Gas-phase CO then reacts with the adsorbed *O in the Ir(CO)(O) (that is, E-R pathway, structure II to III) with a free-energy barrier ~1.1 eV (TSI). In contrast, there is a 2.1 eV (TSII) free-energy barrier for the reaction between adsorbed *CO and *O in the Ir(CO)(O), that is, the L-H pathway, which is unfavourable. *O 2 can then readily dissociate to heal the vacancy (structure III to IV, no barrier). To complete the reaction cycle (structure IV to I), gas-phase CO reacts with a surface oxygen (~0 eV free-energy barrier), forming a vacancy, while the L-H pathway through TSIII has a ~1.6 eV barrier. The reaction cycle is limited by the E-R step (gas-phase CO reacts with the *O in Ir(CO)(O) (structure II to III)).
multiple ligands, the work can be extended to other metals where a strongly adsorbed ligand (for example, CO) can be an integral part of the active metal single-atom complex, providing an avenue to promote specific reaction pathways and control the catalyst activity and selectivity.
Methods
Synthesis and pretreatment. ) for 4 h respectively. The dried sample was then calcined at 500 °C in air for 4 h. The 0.2% Ir/MgA 2 O 4 NP sample was prepared by wet impregnation. The proper amount of Ir(CO) 2 (acac) (Sigma Aldrich) precursor was dissolved in 8 ml of toluene (Sigma Aldrich) in a 20 ml vial while flowing N 2 at room temperature. Then the dissolved Ir(CO) 2 (acac) toluene solution was injected into another vial containing 5 g MgAl 2 O 4 (Puralox MG 28, Sasol) under N 2 flow. The sample was then dried under N 2 flow at room temperature overnight to evaporate the toluene. No calcination was performed on this catalyst. The CO and acac ligands were removed in situ by treatment in H 2 at 500 °C, which led to the formation of 1 nm NPs as detailed in the Results.
All of the in situ characterizations and the CO oxidation reaction followed the same pretreatment procedure. For the Ir SAC, the sample was calcined in 5 kPa O 2 (certified grade, Airgas) at 100 °C for 30 min (1 °C min −1 ramp rate) and 400 °C for 30 min (5 °C min −1 ramp rate). The calcined sample was then pretreated in He (99.999% Airgas) at 650 °C for 30 min with a 15 °C min −1 ramp rate. The temperature was then cooled in He to 110 °C and purged for 10 min before switching to 20 kPa H 2 (balance He). The sample was then reduced in H 2 (99.999% Airgas) at 500 °C (15 °C min −1 ramp rate) for 2 h. After reduction, He was used to flush the H 2 at 650 °C for 30 min followed by cooling down in He to 35 °C. For the 1% Ir catalyst, after calcination at 500 °C, the catalyst was reduced in 20 kPa H 2 at 800 °C (15 °C min −1 ) for 2 h followed by flushing with He for 30 min at the same temperature and then cooling down in He to 35 °C. The 0.2% Ir/MgA 2 O 4 NP sample (prepared with Ir(CO) 2 (acac) precursor) was pretreated with 20 kPa H 2 at 500 °C (10 °C min −1 ramp rate) for 2 h to remove the CO and acac ligands and then cooled down in 20% H 2 to room temperature and then purged with He for 10 min.
DRIFTS. DRIFTS was used to characterize the interaction of the supported
Ir catalysts with CO. The in situ DRIFTS experiments were performed using a Thermo Scientific IS-50R Fourier transform infrared spectrometer equipped with an MCT/A detector. A spectral resolution of 4 cm −1 was used to collect spectra, which are reported in Kubelka-Munk units. An approximately 50 mg sample (25-90 μ m) was loaded in the Harrick Praying Mantis high-temperature DRIFTS reaction chamber. The chamber was sealed and connected to a flow system with temperature control, and gases were flown through the sample at atmospheric pressure. Each reported spectrum is an average of 32 scans. The supported Ir samples were pretreated in situ in the DRIFTS cell before collecting the spectra. The gas pretreatment procedure was the same as previously mentioned. The composition of the effluent gases was measured by an online quadrupole mass spectrometer (Pfeiffer Omni Star, QMG220). A secondary electron multiplier detector was used to monitor signals for CO 2 (m/z = 44 and m/z = 28), CO (m/z = 28), O 2 (m/z = 32) and He (m/z = 4). The CO line (5% CO certified grade, Airgas) connected to the DRIFTS cell and the flow reactor for kinetic measurements was equipped with a metal carbonyl purifier (Matheson, NanoChem Metal-X) to remove the trace amount of metal carbonyl as well as a molecular sieve 3A (8-12 mesh) trap to remove trace (ppm) levels of CO 2 . No CO 2 was detected in the mass spectrometer with the CO or O 2 flowing during a blank test. The CO adsorption measurement was conducted at 35 °C unless otherwise stated. The samples were exposed to CO doses by varying the time and also increasing the partial pressure of CO (5% CO certified grade, Airgas). As a reference experiment, the MgAl 2 O 4 support was pretreated with the same procedure as the 0.0025% Ir/ MgAl 2 O 4 (SAC), and no infrared band was detected in the v CO region.
HERFD-XANES.
HERFD-XANES measurements were collected at Beamline 6-2 at the Stanford Synchrotron Radiation Light Source (SSRL) 41 . A liquid-nitrogencooled double-crystal Si(311) monochromator was equipped to select the energy of the incident beam with a flux of 3 × 10 12 photons per second. A Rowland circle spectrometer (radius 1 m) equipped with three spherically bent Si (800) analysers
Each sample (120 mg in mass, 25-90 μ m) was loaded into a packed bed flow reactor. The in situ packed bed reactor consists of a Be tube (Materion; PF-60 Grade) (outer diameter 5 mm and inner diameter 3.8 mm) connected to the gas line using graphite ferrules and heated by a stainless-steel heating block equipped with four 100 W heating cartridges (Watlow). The in situ reactor assembly was protected from oxidation by an air-free box with polyimide film X-ray windows and continuous He or N 2 flow. Two type-K thermocouples were used to monitor and control the heating block and the catalytic bed temperature. A portable gas delivery system equipped with five mass flow controllers (Brooks -SLA5800) was used to control the gas flow. The composition of effluent gases was measured by an online quadrupole mass spectrometer (Hiden HPR20). The 0.0025% Ir/ MgAl 2 O 4 (SAC) was first heated in a flow of 10 kPa O 2 , balance He (certified grade Airgas) to 400 °C at 10 °C min −1 followed by a dwell of 20 min. Then the sample was pretreated with He (99.999% Airgas) at 650 °C for 30 min and cooled down to room temperature, and then H 2 (99.999% Airgas) 500 °C and He 650 °C steps as described in the previous synthesis and pretreatment section. The pretreated sample was then cooled down in He to room temperature. At room temperature, 5 kPa CO (certified grade Airgas) was introduced into the reactor and HERFD-XANES spectra were collected during CO flow. After CO flow, the reactor was purged with He. Then, 5 kPa O 2 was introduced into the reactor and HERFD-XANES spectra were collected during O 2 flow. The sample was then heated in 0.4 kPa CO + 2 kPa O 2 to 155 °C. After CO oxidation with 1 kPa CO + 8 kPa O 2 at 155 °C for 1 h, the reactor was cooled down to 100 °C under He flow. At 100 °C, 2 kPa CO was pulsed into the reactor chamber multiple times. After HERFD-XANES spectra were stabilized, 1 kPa CO + 8 kPa O 2 were flowed through the sample. HERFD-XANES spectra were collected the entire time at 155 and 100 °C. The total flow rate was kept at 50 sscm during pretreatment and measurement.
All HERFD-XANES spectra were measured within 2 min and 3 to 6 scans were averaged to improve the signal-to-noise ratio. The analysis of the HERFD-XANES data was carried out with the software ATHENA of the IFEFFIT package 42, 43 . The edge, determined by the first inflection point of the absorption edge of the Ir foil, was calibrated to the reported Ir L 3 energy, 11,215 eV. This calibration was used to calibrate a known glitch in the monochromator observed in the I 0 signal of each scan. A least-squares Gaussian fit of the glitch determined the error in the energy calibration of the samples to be 0.022 eV. Energy calibration was achieved by aligning the glitch in each scan to the glitch in the Ir foil reference scans. Three to six scans per sample were averaged with the averaged spectra being used for deglitching and normalization. The averaged spectrum was processed by fitting a second-order polynomial to the pre-edge region and subtracting this from the entire spectrum. Edge energy was determined by the first derivative of the normalized absorbance. The data were normalized by dividing the absorption intensity by the height of the absorption edge. Table 5) 44 and 100% dispersion was used for calculating the TOF on the 0.0025% Ir/MgAl 2 O 4 (SAC) considering the low weight loading of Ir.
Brunauer-Emmett-Teller surface area. The Brunauer-Emmett-Teller surface area was measured by multiple-point N 2 adsorption and desorption cycles in a Micromeritics 3Flex at 77.35 K. All samples were degassed at 200 °C with N 2 flow overnight before measurement.
CO oxidation kinetic measurements. CO oxidation kinetic measurements were performed under differential conditions in a conventional laboratory tubular plug flow reactor (7-mm-inner-diameter quartz tube). Dilution experiments were performed according to the Koros-Nowak test to determine the necessary dilution ratio for measurements under strict kinetic control without mass and heat transfer effects [45] [46] [47] . The catalysts (after intraparticle dilution) were pressed into 106-250 μ m pellets. The dilution ratio test to eliminate transport limitations was performed on a 2% Pt/γ -Al 2 O 3 catalyst using γ -Al 2 O 3 as the diluent. Intraparticle dilution ratios of 1:200 and 1:1,000 showed no difference in activity under different CO and O 2 conditions between 145 °C and 170 °C, which indicates that the measured catalytic activity was evaluated under kinetic control without any transport artefacts.
On the basis of the dilution test, the 0.2% Ir/MgAl 2 O 4 was diluted with silica at a 1:40 ratio, and the 1% Ir/MgAl 2 O 4 was diluted with silica at a 1:200 ratio, and the 0.0025% Ir/MgAl 2 O 4 (SAC) required no dilution because of the low Ir loading. Negligible activity was measured on the MgAl 2 O 4 support compared with all of the catalysts. Each catalyst pretreatment was the same as mentioned above, and the total flow rate during pretreatment was kept at 80 sccm. After pretreatment, 5% CO (certified grade Airgas) was mixed with 100% O 2 (99.999% Airgas) and He (99.999% Airgas) at 35 °C. The catalyst temperature was measured by a K-type thermocouple (OMEGA) attached at the centre of the catalyst bed on the outside of the tube. The reactor was heated from room temperature to the reaction temperature at 3 °C min −1 in 0.1 kPa CO and 2 kPa O 2 balanced with He. During the steady-state kinetic measurements, the conversion of CO was always below 3% by varying the total flow rate between 50 and 100 sccm. To investigate the effect of CO partial pressure on reaction rate, the partial pressure of O 2 was held constant at 10 kPa (Fig. 2a,c) and the partial pressure of CO was varied between 0.1 and 1 kPa. To investigate the effect of O 2 partial pressure, the CO partial pressure was held constant at 1 kPa (Fig. 2b) and the partial pressure of O 2 was varied between 2 and 14 kPa, and then the measurements were repeated at 0.2 kPa CO partial pressure (Supplementary Fig. 3 ). The kinetic measurements for each catalyst took between 12 and 18 hours for each experiment. The 0.2% Ir/MgAl 2 O 4 (NP) catalyst stability was not affected by the higher CO partial pressures during the CO or O 2 reaction order measurements. The kinetic experiments were reproduced using two different aliquots from the same batch and also reproduced using two different batches. Error bars of the kinetic measurements were calculated on the basis of multiple points on the same catalyst at different times during one experiment and from experiments using different catalyst aliquots/batches.
The composition of the effluent gases was measured by a gas chromatograph (Inficon Micro GC Fusion). TOFs were calculated by normalizing the reaction rate ( ) measured by using CO chemisorption as discussed in the volumetric chemisorption section.
It should be noted that we rigorously monitored the catalyst stability by re-measuring the catalyst periodically throughout the experiment under the first condition measured and the catalyst activity was very stable (± 5%) during the entire kinetic measurement. HAADF-STEM images of the catalysts after CO oxidation ( Supplementary Fig. 1 ) indicate that Ir remains atomically dispersed during the reaction.
STEM. Aberration-corrected electron microscopy images for Ir/MgAl 2 O 4 samples were taken on an FEI TITAN 80-300 in STEM mode using a HAADF detector. The resolution is 0.1 nm, with the CEOS GmbH double-hexapole aberration corrector. To calculate the atomic percentage of each catalyst from multiple STEM images, the number of atoms per particle (N) was estimated with a spherical model 48 :
3 A w where D is the NP diameter, ρ is the bulk metal density, N A is Avogadro's number and M w is the metal molecular weight.
DFT calculations of reaction pathways. All DFT calculations were performed by QUICKSTEP in the CP2K package 49 . The exchange-correlation potential was treated with the generalized gradient approximation parameterized by the spin-polarized Perdew-Burke-Ernzerhof functional 50 . The wavefunctions were expanded in molecular optimized double-ζ valence polarized Gaussian basis sets (DZVP-MOLOPT-SR-GTH) for Al, Mg and Ir elements, and triple-ζ valence basis sets (TZV2P-MOLOPT-GTH) for O and C elements, with an auxiliary plane-wave basis set with a cutoff energy of 480 Ry. Brillouin zone integration is performed with a reciprocal space mesh consisting of only the gamma point. The DFT-D3 van der Waals correction by Grimme et al. 51 was applied. Core electrons have been modelled by the scalar relativistic norm-conserving Goedecker-Teter-Hutter (GTH) potentials with 10, 3, 6, 4 and 17 valence electrons for Mg, Al, O, C and Ir, respectively. The spinel MgAl 2 O 4 bulk structure has a face-centred cubic Bravais lattice with space group Fd3m. The optimized lattice constant with a = 8.146 Å is close to the experimental value a = 8.086 Å 37 . The O 2 (Al)-termination was shown to be the most stable for MgAl 2 O 4 (ref. 37 ). Therefore, the model systems used for the DFT calculations are O 2 (Al)-terminated MgAl 2 O 4 (111) and (211) surfaces with periodic boundary condition along the x, y and z directions. Ir single atoms were adsorbed at different sites (Supplementary Table 3 ). Vacuum of 15 Å distance was added along the z direction to avoid interactions with adjacent cells. In cell and geometry optimizations, the maximum forces were converged to 4.5 × 10
−4
Hartree/Bohr. The zero-point energy and entropy correction were obtained from the quasi-harmonic approximation. For molecules, the translational and rotational contributions to internal energy and entropy are taken into account using statistical thermodynamics. To locate the transition state, we use the climbing image nudgedelastic-band method 52 . Vibrational analysis was used to further verify transition states; only one imaginary frequency mode indicates that the transition states are the true saddle points. XANES simulations. XANES spectrum calculations are performed using the plane-wave-based PWSCF (Quantum-ESPRESSO) code. The ultrasoft Vanderbilt pseudopotential method with the Perdew-Burke-Ernzerhof exchange-correlation functional is adopted. A cutoff energy of 700 eV for the wavefunctions is used. The Monkhorst-Pack scheme is used for sampling the Brillouin zone. To determine Ir L 3 -edge spectra, we create a special pseudopotential for the Ir atom, which contains an Ir 2p core hole. In the self-consistent field (SCF) calculation to obtain the converged wavefunction and charge density, spin-polarization is not considered and the total charge of the system is specified as + 1 to compensate the extra electron in the empty states, that is, the excited-state core-hole approximation. The spectrum is calculated using the XSpectra program, which gives the X-ray absorption cross-section as a function of excitation energy relative to the lowest unoccupied molecular orbital (LUMO) energy. A Lorentzian broadening factor of 1.5 eV related to the core-hole lifetime is chosen for all spectrum calculations. Since the absorbing Ir atoms with different ligands are non-equivalent, we need to obtain the absolute energy scale. To properly align spectra of different structures, the delta Kohn-Sham energy is calculated to represent the transition energy by lifting a core electron from the ground state to the first core-excited state of the LUMO 38 using the GPAW program. To have a spin-up core hole and an electron in the lowest unoccupied spin-up state, the magnetic moment of the Ir atom with the hole is set to one and the total magnetic moment is fixed in spin-polarized calculations. The absolute energy of calculated spectra is corrected using the measured edge energy of the Ir(CO) 2 (Al-v) system where 2CO ligands are adsorbed at Ir/MgAl 2 O 4 with a surface oxygen vacancy near the active site.
Data availability
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